Key Words tritrophic interactions, plant defense, parasitoids, secondary plant chemistry, top-down versus bottom-up ■ Abstract Tremendous strides have been made regarding our understanding of how host plant chemistry influences the interactions between herbivores and their natural enemies. While most work has focused on plant chemistry effects on host location and acceptance by natural enemies, an increasing number of studies examine negative effects. The tritrophic role of plant chemistry is central to several aspects of trophic phenomena including top-down versus bottom-up control of herbivores, enemy-free space and host choice, and theories of plant defense. Furthermore, tritrophic effects of plant chemistry are important in assessing the degree of compatibility between biological control and plant resistance approaches to pest control. Additional research is needed to understand the physiological effects of plant chemistry on parasitoids. Explicit tests are required to determine whether natural enemies can act as selective forces on plant defense. Finally, further studies of natural systems are crucial to understanding the evolution of multitrophic relationships.
INTRODUCTION
Twenty-five years ago, Price et al. (106) argued that if we are ever to progress our understanding of the coevolutionary interactions that exist between plants and herbivores, we must incorporate an understanding of how plant-herbivore interactions both affect and are affected by their relationships with the third trophic level, natural enemies (predators, parasitoids, or parasites) of herbivores. Not only can the interactions between plant and herbivore have selective impact on natural enemies, but natural enemies may exert reciprocal selective pressure on the interaction between plant and herbivore. In some respects, substantial progress has been made toward such an understanding. In the intervening years, a tremendous amount of research has examined the tritrophic effects of plant traits on host location and acceptance behavior by natural enemies of insect herbivores (46) . Especially important have been the wealth of studies documenting the tritrophic effects of host 0066-4170/06/0107-0163$20.00 164 ODE plant chemistry on the host location and acceptance behavior of natural enemies (in particular, parasitoids) of insect herbivores (13, 49, 95, 105, 120, 151, (158) (159) (160) 163) , including induced volatiles released after damage by herbivores (153) . Such effects of host plant chemistry are generally positive in that they tend to result in increased parasitoid fitness by way of increased foraging success and efficiency.
Host plant chemistry, however, may negatively affect parasitoid fitness by a variety of means, including reducing survivorship, clutch size, body size, and/or fecundity. Negative impacts on parasitoid fitness may occur either directly (when the developing parasitoid encounters either the plant toxin or metabolite in the hemolymph or tissue of its herbivorous host) or indirectly (when the parasitoid fitness suffers owing to compromised host size or quality). Unlike the relationship between plant chemistry and host location/acceptance behavior, a comparatively small (but growing) body of literature has been devoted to elucidating the processes by which plant chemistry negatively affects parasitoid fitness. The negative impact of host plant chemistry on the trophic interactions involving natural enemies is the focus of this review. Here, I consider the role of negative tritrophic effects of plant chemistry in different trophic phenomena, the evidence for negative effects of host plant chemistry on natural enemy fitness, the mechanisms by which natural enemies can cope with host plant compounds when they are encountered in the host, and the potential for natural enemies to act as selective forces on plant investment in defensive chemistry.
Plant Chemistry and Bottom-Up Versus Top-Down Effects
Both bottom-up and top-down forces act together on herbivore populations (58, 77 ), yet assessing the relative strengths of top-down and bottom-up forces remains a contentious issue (65, 161) . Although cascading effects of higher trophic levels on lower trophic levels are recognized as important forces structuring aquatic communities (31, 38, 157) , considerable debate still exists over the importance of trophic cascades in terrestrial communities. Proponents of the green world hypothesis (HSS hypothesis; 66, 128) argue that predation plays a primary role in structuring terrestrial communities. Indeed, the widespread practice of biological control in agriculture (albeit not always successful) is based on the presumption that insect natural enemies reduce herbivorous insect populations and, as a result, increase plant production. Many studies of arthropod predators have shown evidence of trophic cascades in terrestrial systems (65, 121) . While most studies covered in these reviews demonstrate positive effects of natural enemies on reducing plant damage, few showed strong effects on plant productivity (62, 136). Strong trophic cascades are expected to occur in systems composed of relatively few but strong consumer species (140). However, many communities are composed of complex food webs with widespread omnivory and intraguild predation. Such features buffer lower trophic levels against strong top-down cascading effects (77, 101, 102, 115) .
Heterogeneity in plant productivity and quality is increasingly recognized as influencing the relative contribution of top-down and bottom-up forces (97) .
PLANT CHEMISTRY AND PARASITOID FITNESS
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Nutrient availability has been the most widely studied source of heterogeneity in plant productivity (51, 58, 137), but environmental stresses on plant productivity are also important sources of heterogeneity (64, 90, 91) . Furthermore, plant quality is often variable in terms of secondary chemistry, potentially affecting the interaction between top-down and bottom-up forces. Studies of trophic interactions generally focus on direct effects between adjacent trophic levels and subsequent indirect effects on distant trophic levels (e.g., between first and third); however, plant chemistry potentially has direct and indirect effects on the third trophic level. Our ability to understand how top-down and bottom-up forces interact would be greatly enhanced through detailed study of the direct and indirect physiological interactions that exist among the different trophic levels of plant, herbivore, and natural enemy.
Plant chemistry can have profound bottom-up effects on the interactions between herbivores and their natural enemies. As noted above, most tritrophic studies have examined the influence of plant chemistry on the host-finding and acceptance behavior of foraging natural enemies. In contrast, relatively few studies have specifically identified negative tritrophic effects of host plant chemistry on parasitoid fitness correlates such as survivorship, body size, and clutch size. In particular, little is known about the tritrophic effects of host plant chemistry on sex allocation decisions made by parasitic wasps. Far fewer still are studies investigating the mechanisms by which host plant chemistry affects natural enemies (36) . Moreover, the physiological mechanisms by which natural enemies tolerate or detoxify plant defensive chemicals, a necessary component for understanding bottom-up regulation, have been largely unexplored.
Similarly, a detailed understanding of the role of host plant chemistry in the functioning of multitrophic interactions is key to our ability to assess the strength of top-down forces on herbivore populations as well as whether natural enemies can act as selective agents on plant investment in defense. Arguments (106) that natural enemies function as an extension of plant defenses presume that the presence of natural enemies results in a significant reduction in herbivore selective pressure on plants. To the extent that parasitoids and other natural enemies reduce herbivory rates and thereby increase plant fitness, natural enemies are widely thought to have the potential to act as selective forces on plant defensive traits (48, 54, 82, 119, 143, 152, 156, 160, 163) .
Host Plant Chemistry, Enemy-Free Space, and Host Plant Use by Herbivores
Host plant chemistry mediates food choice by many herbivorous insects. Plant chemistry is well known to affect plant quality, limiting growth and reproduction in herbivores (22, 79, 117) . On the other hand, many herbivores can use plant secondary chemicals in defense against their own natural enemies (e.g., sequestration) (28, 50, 60, 61, 94), thereby creating enemy-free space (78, 132) . Enemy-free space is important in host preference (9, 26, 34, 47) . Woolly bear ODE caterpillars, Grammia geneura (Lepidoptera: Arctiidae), feed on the highly palatable Malva parviflora as well as two relatively toxic host plants, Senecio longilobus and Ambrosia confertiflora, both of which contain pyrrolizidine alkaloids (PAs) (124). Whereas caterpillars that fed on a mixture of the three plants suffered decreased performance (reduced growth efficiency), a diet composed of a mixture of the three host plants conferred greater resistance (i.e., enemy-reduced space) to parasitoid-induced mortality (due to Cotesia sp. and two tachinid flies, Exorista mella and Chetogena tachinomoides). At least in this system the authors suggest that enemy-reduced space may be more important than nutritional quality. Variation in individual preferences for highly palatable versus mixed diets (composed of some toxic host plants) may reflect variation in the risk of parasitoid attack: Preference for highly palatable food would be selected for when the risk of parasitism is low, and mixed diets may be selected for when the risk of parasitism is higher (124, 138). Parasitized G. geneura larvae are more likely to survive to adulthood when reared on nutritionally inferior plant species that produce higher levels of PAs (126), suggesting that PAs are toxic to developing parasitoids. This may explain feeding preferences that include nutritionally inferior host plants observed previously (125). Not all herbivores that sequester plant toxins, however, experience enemy-free space against all natural enemies. Parasitism rates of the leaf beetle Chrysomela lapponica by the phorid fly Megaselia opacicornis and the tachinid fly Cleonice nitidiuscula were significantly higher when leaf beetles fed on willow species (Salix spp.) higher in salicyl glucosides, which are compounds used to produce defensive secretions (172). The relative importance and potential trade-offs between food quality and enemy-free space is largely undetermined (23, 76, 139). Understanding such trade-offs may explain the apparent paradox of nonadaptive host use observed in many herbivorous insects.
Theory of Plant Defense and Natural Enemies
Hypotheses abound concerning the patterns of plant investment in chemically based defenses against herbivores [optimal defense hypothesis (56, 112), carbonnutrient balance hypothesis (33) , resource availability/growth rate hypothesis (41), growth-differentiation balance hypothesis (74) ], and considerable confusion exists over what constitutes support for these various hypotheses (17, 67, 133). For the most part, these hypotheses do not consider explicitly the potential role that natural enemies of herbivores play in explaining defense allocation patterns. Perhaps part of this neglect is due to the continuing controversy over the relative importance of top-down versus bottom-up control in regulation of herbivore populations. Hamilton et al. (67) argue that hypotheses incorporating physiological mechanisms into their explanations of plant-herbivore interactions within an evolutionary framework are vital to understanding patterns of plant investment in defense. Hypotheses that succeed in predicting patterns of plant investment in defenses are likely to be those that also incorporate both the potential for natural enemies to regulate herbivore pressure and the effects (both positive and negative) of plant defenses on natural enemies. Such hypotheses may be well positioned to 167 explain the apparent deficiencies of the optimal defense hypothesis. Plants whose herbivores sequester plant compounds in defense against their own natural enemies may experience selection to reduce investment in such defenses (87). Likewise, plants may be selected to reduce investment in defenses that negatively affect natural enemies of herbivores (96) . Obviously the strength of selection to reduce investment in certain plant defenses depends on the selection strength of natural enemies to reduce herbivory pressure. However, in large part, progress in integrating the effects of plant chemistry on natural enemies with the effects of natural enemies on plant chemistry is greatly hindered because in very few systems do we adequately understand the reciprocal selective impact that occurs between plant and herbivore.
TRITROPHIC EFFECTS OF HOST-PLANT CHEMISTRY ON NATURAL ENEMIES
Effects of Plant Species or Cultivar Variety on Natural Enemies
Identity of host plants consumed by herbivorous insects has long been known to affect the growth and development of parasitoids. Tritrophic effects of plant species (4, 25, 52, 83, 123, 130, 162) or cultivar (15, 69, 80, 99, 100, 111, 113, 114, 135) identity have been examined in many studies (see Reference 68 for many more examples). Although host plant chemistry was not directly measured in these studies, the effects are consistent with the notion that variation in resistance to herbivory among species or cultivars is chemically based and that this results in differential parasitoid fitness. In one early study, the encyrtid wasps Comperiella bifasciata and Habrolepis rouxi developed successfully in the California red scale, Aonidiella aurantii, when it fed on citrus but not on sago palm (57, 130). Subsequently, Kaufman & Flanders (80) showed that survivorship of Pediobius foveolatus larvae was lowest on the soybean cultivars most resistant to Mexican bean beetle hosts (Epilachna varivestis). Also in the soybean agroecosystem, Orr & Boethel (99) found that development to pupation of the polyembryonic Copidosoma floridanum (=Copidosoma truncatellum) (Hymenoptera: Encyrtidae) was slower in Pseudoplusia includens feeding on a resistant genotype of soybean than in hosts on the susceptible genotype. In addition, this resistant soybean genotype negatively affected the longevity and hence the lifetime fecundity of Telenomus podisi, a fourth trophic level scelionid egg parasitoid (100). Werren et al. (162) found that survivorship of the gypsy moth larval parasitoid, Cotesia melanoscela, was influenced by the tree species on which the gypsy moth fed. Host plant species and cultivars often differ in chemical profiles, thereby affecting host (i.e., herbivore) quality; however, this link is largely speculative. Careful study of how host plant chemistry affects parasitoid development and sex allocation behavior as well as the physiological mechanisms by which parasitoids detoxify plant chemistry will add considerably to our understanding of the constraints operating in the interaction between top-down and bottom-up forces.
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Effects of Host Plant Chemistry on Parasitoid Fitness Measures
Compared with the number of studies documenting host plant species or cultivar tritrophic effects on natural enemies, relatively few studies have established the link between host plant chemicals and reduced parasitoid fitness. In most of these studies, parasitoid growth and development are adversely affected by plant allelochemicals. In one such system, dramatic effects were documented for Hyposoter exiguae (Ichneumonidae) (35, 36) , a generalist endoparasitoid of noctuid larvae, including the tomato fruitworm, Heliothis (=Helicoverpa) zea. H. exiguae developing in caterpillars fed an artificial diet containing α-tomatine (a glycoalkaloid in tomatoes) suffered higher mortality rates, morphological deformities, increased development time, decreased adult weight, and longevity compared with parasitoids developing in caterpillars on control diet. That α-tomatine absorbed by H. exiguae larvae from the host was responsible was demonstrated in subsequent studies in which developmental abnormalities were reduced in diets supplemented with cholesterol, which alleviates the membrane disruption caused by steroidal glycoalkaloids (36) . On the other hand, the phenolic rutin interacts differentially with three dietary proteins to exert indirect negative effects on H. exiguae (development time, longevity, adult weight) by reducing development rate and larval weight of the host, H. zea (27). Moreover, female H. exiguae preferentially attack Spodoptera exigua larvae feeding on plants induced with jasmonic acid; however, parasitoid larvae developed more slowly and attained a smaller mass when developing in S. exigua larvae feeding on jasmonate-induced plants (145). In contrast, a second study found a decrease in the rate of successfully parasitized S. exigua by H. exiguae on induced tomato plants but no negative effects on surviving parasitoids (146).
Another series of studies examined the toxicity of nicotine toward Hyposoter annulipes, a generalist parasitoid of noctuid moths, including the fall armyworm, Spodoptera frugiperda, and Cotesia congregata (Braconidae), a specialist parasitoid of the tobacco hornworm, Manduca sexta (Sphingidae). High levels of nicotine in the artificial diet of S. frugiperda resulted in lower larval survivorship, longer developmental times, and smaller adult body sizes of H. annulipes (53). C. congregata suffered an increase in larval mortality when nicotine was added to the artificial diet of M. sexta (11, 14, 149), but developmental time and adult body weight were unaffected (14). Thorpe & Barbosa (148) documented similar effects of two varieties of tobacco with different nicotine content on C. congregata parasitism rates and clutch sizes in the field. The response differences to nicotine in these two parasitoids suggest that generalist parasitoids may be more susceptible to host plant chemistry variation than specialists are (10, 148). Both C. congregata and H. annulipes may cope with nicotine by shunting it to meconia and cocoon silk (14). Similarly, Campos et al. (37) found that Diadegma terebrans, endoparasitoids of Ostrinia nubilalis, developed more slowly and were smaller as adults when their hosts were fed DIMBOA, a hydroxamic acid in corn associated with resistance to O. nubilalis. Adult female D. terebrans contained lower concentrations of DIMBOA metabolites than males did, possibly because they were more efficient at excreting these compounds.
Iridoid glycosides (IGs) have also been implicated as defensive compounds that have tritrophic effects. Harvey et al. (71) examined the tritrophic effects of IGs on specialist and generalist herbivores and natural enemies using two artificially selected lines of the ribwort plantain, Plantago lanceolata, that displayed fivefold variation in the concentrations of IGs (aucubin and catapol) produced. Plant line (i.e., IG content) had no effect on either body mass of either the specialist host, Melitaea cinxia, or clutch size of its specialist parasitoid, Cotesia melitaearum. Indeed, there was some indication that IGs act as feeding stimulants for M. cinxia. On the other hand, body masses of the generalist herbivore S. exigua and its generalist parasitoid Cotesia marginiventris were greater on the line of P. lanceolata that produced low levels of IGs. That generalist parasitoids appear to be more negatively affected by plant chemistry has been noticed in other systems (11, 141), possibly because specialists are better capable of metabolizing or tolerating high levels of plant toxins. Larval M. cinxia sequesters IGs from its host plants (93) , making it likely that C. melitaearum larvae encounter IGs during their own development. Whether the observed differences between specialists and generalists reflected differences in host quality or differences in metabolic capabilities of the parasitoids is not known.
Inducible plant defenses also have negative tritrophic effects. For example, as described above, exogenous application of jasmonic acid to field-grown tomato plants increased rates of parasitism of the beet armyworm, S. exigua, by H. exiguae (145). However, this increase was associated with increased development time of herbivores and decreased pupal weights of the parasitoids. Similar findings involve braconid parasitoids of the gypsy moth (72): Parasitoids were attracted to gypsy moth larvae feeding on induced poplar trees, but 40% fewer parasitoids emerge. In a study of near-isogenic varieties of cucumber (Cucumis sativus) that either lacked cucurbitacins or produced constitutive and induced cucurbitacins, Agrawal et al. (3) showed that bitter (cucurbitacin-producing) plants attracted significantly fewer predatory mites that fed on herbivorous spider mites and that the predatory mites suffered reduced fecundity on bitter plants than on cucurbitacin-free plants.
Furthermore, some studies indicate that host plant chemistry may have positive, rather than negative, effects on parasitoid fitness correlates. Whereas gossypol, a terpenoid produced by cotton, slows development of the host Heliothis virescens, it has no negative effects on the parasitoid Campoletis sonorensis (Hymenoptera: Ichneumonidae) (164) . The absence of a detrimental effect may be due to inherent physiological or biochemical resistance in the parasitoid or to reduced exposure to the allelochemical due to active detoxification by the host. No studies have been conducted to date to differentiate between these two mechanisms. In fact, low concentrations of gossypol in the diet of H. virescens result in larger rather than smaller adult C. sonorensis.
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EVIDENCE OF TRITROPHIC EFFECTS OF HOST PLANT CHEMISTRY IN NATURAL SYS-
TEMS Most studies documenting the negative tritrophic effects of host plant chemistry on parasitoid fitness correlates have been conducted in agroecosystems (see above). In many agricultural systems, use of other tactics to control herbivore populations (e.g., chemical pesticides or artificial selection for increased plant resistance) results in patterns of plant defenses that do not necessarily reflect the outcome of selective pressures that exist between plants, herbivores, and their natural enemies in natural systems. Further, plant distributions are often more dense and homogenous in agricultural systems. Studies of tritrophic interactions in natural systems are better positioned to examine evolution of tritrophic selective interactions (68, 154). In one such study, Ode et al. (96) examined the tritrophic effects of furanocoumarins, plant defensive compounds produced by apiaceous plants including wild parsnip (Pastinaca sativa) and hogweed (Heracleum sphondylium), on Copidosoma sosares, a parasitoid of the parsnip webworm, Depressaria pastinacella, in several field sites throughout The Netherlands. C. sosares was less likely to successfully develop in webworms feeding on plants containing high levels of isopimpinellin. Ovipositing C. sosares females may be deterred by plants containing high levels of isopimpinellin. Alternatively, isopimpinellin may have a lethal effect on developing C. sosares broods. C. sosares broods developing in webworms that had fed on plants containing higher levels of xanthotoxin had smaller clutch sizes and exhibited lower survivorship. The effects of xanthotoxin on clutch size and survivorship are significantly stronger in male and mixed-sex broods than in female broods, suggesting that females may be more tolerant of or more efficient at metabolizing xanthotoxin. Similarly, as noted above, female D. terebrans appear to be less affected by DIMBOA than males (37) . Although little is known about the sex-specific effects of host plant chemistry on parasitoids, several studies of toxicological effects of pesticides showing that males are more susceptible to pesticides than females (84, 109, 122) suggest that sex-specific effects may be widespread.
In another natural system, Harvey et al. (70) examined the multitrophic effects of glucosinolate production by field populations of two species of Brassica: B. oleracea and B. nigra. B. nigra produces 3.5 times higher concentrations of glucosinolates after induction by herbivory. Pieris brassicae is the primary herbivore of both Brassica species. P. brassicae is attacked by the endoparasitoid, Cotesia glomerata, which in turn is attacked by the hyperparasitoid, Lysibia nana. Whereas cocoon mass of C. glomerata was not affected by the host plant species on which P. brassicae fed, L. nana survivorship was greater and body size was larger when P. brassicae fed on B. oleracea.
Compatibility of Plant Resistance Breeding Programs and Biological Control
In many agricultural systems, control of insect pests is often attempted by implementation of a variety of measures including plant resistance breeding programs and biological control with parasitic wasps. In many cases plant resistance is thought to have, or has been shown to have, a chemical basis. Despite the fact that attention has been paid to potential incompatibilities between these two approaches (21, 35, 42, 103, 155) , the existence and magnitude of these incompatibilities are unknown in most agricultural systems. On the other hand, compared with their wild relatives, many domesticated crops [e.g., Pastinaca sativa (19), Brassica, and Phaseolus (16)] exhibit decreased secondary defenses in favor of increased palatability and yield (55, 112). In these cases, artificial selection may result in more palatable plants for herbivores as well as for natural enemies.
Increasingly, the use of genetically modified (GM) plants, Bt (Bacillus thuringiensis) toxins, and plant resistance breeding programs are acknowledged to have potentially negative impacts on natural enemies (86, 103). As with more traditional plant resistance approaches, as well as with chemical control, plant breeders using GM technologies typically aim for complete resistance against herbivorous insects. This is despite the need to consider both top-down (i.e., biological control) and bottom-up control of herbivorous insects. To date, most studies of the effects of GM plants have been conducted in the laboratory. The majority of tested GM plants have involved Bt plants; other genes involved in crop transformation include those including oryzacystatin protease inhibitor, snowdrop (Galanthus nivalis) agglutinin (GNA), cowpea trypsin inhibitor, concanavalin A, and bovine pancreatic trypsin inhibitor (86). Although laboratory studies are often not ecologically realistic, these studies taken collectively suggest that GM plants frequently have significant negative impacts on a variety of predator and parasitoid fitness correlates, including fecundity, longevity, parasitism rates, body size mortality, and development time (86). Nearly 40% of studies involving parasitoids and 30% of studies involving predators showed significant negative fitness effects of GM plants.
Bt toxins are generally thought to be highly specific to lepidopteran pests. However, Hilbeck et al. (75) have shown that Cry1Ab and Cry2A have indirect negative effects on lacewings. Aphids on potatoes genetically engineered to produce GNA had negative effects on ladybird beetles (reduced fecundity, egg viability, and longevity) (24). The aphid parasitoid Aphelinus abdominalis (Hymenoptera: Aphelinidae) developing in smaller aphids, which fed on GNA transgenic potatoes, were themselves smaller with reduced longevity and fecundity (43) . Developing Aphidius ervi (Hymenoptera: Braconidae) encounter GNA in their aphid hosts, Myzus persicae, but most GNA is excreted in the parasitoid's meconium just prior to pupation (44) . Furthermore, there is evidence that GNA levels accumulate within A. abdominalis (45) .
HOW DO NATURAL ENEMIES COPE WITH HOST PLANT CHEMISTRY? Indirect Versus Direct Effects of Host Plant Chemistry on Natural Enemies
To understand how natural enemies cope with potentially toxic host plant chemistry, it is critical to assess whether host plant chemistry effects on natural enemies 172 ODE are indirect or direct. In this context, indirect effects on parasitoid life-history traits occur if herbivore quality (often size or nutritional quality) is sufficiently diminished such that parasitoid survival and/or size is reduced. Indirect effects may arise if physiological costs of detoxification by the herbivore host are sufficient to reduce the nutritional quality or size of the herbivore. Parasitoids developing within the herbivore would suffer indirectly the effects of plant toxins. Alternatively, direct effects on parasitoid fitness occur if the developing parasitoid is exposed to phytochemicals or their metabolites in the tissue and/or hemolymph of their hosts.
With few exceptions (27, 36), it is not known whether host plant chemistry effects on natural enemies are indirect or direct. That direct effects of plant chemistry on parasitoids exist is suggested strongly in systems in which herbivores sequester plant compounds for defense against natural enemies [e.g., cardenolides in Asclepias spp. feeders (29) , salicin in chrysomelid beetle herbivores of Salix spp. (129), IGs in Junonia coenia (Nymphalidae) feeding on plantain (28, 118, 134)]. Furthermore, the absence of any obvious detrimental effect of host plant chemistry may be due to inherent physiological or biochemical resistance in the parasitoid or to reduced exposure to the allelochemical due to active detoxification by the host. No studies have been conducted to date to differentiate between these two mechanisms. Distinguishing indirect from direct effects of host plant chemistry on parasitoid fitness correlates is difficult in systems in which the physiological interactions between plant and herbivore are not themselves characterized.
Metabolism of Host Plant Chemistry by Parasitoids
Exceedingly little is known about the ability of parasitoids to metabolize plant toxins, although evidence exists that these insects possess functional cytochrome P450 systems that can metabolize xenobiotics (30, 92, 165) . Cytochrome P450 genes have been characterized in at least one species of parasitoid, Trichogramma cacoeciae (Hymenoptera: Trichogrammatidae) (144). Studies of the ability of two species of Copidosoma (C. sosares and C. floridanum) to metabolize the furanocoumarin xanthotoxin suggest that larvae of these two species are not capable of metabolizing xanthotoxin despite the presence of unmetabolized xanthotoxin in the hemolymph of the parsnip webworm (the host of C. sosares) (89; J.L. McGovern, E.C. Lampert, A.R. Zangerl, P.J. Ode & M.R. Berenbaum, unpublished data). Further, webworms parasitized by C. sosares exhibit detoxification rates (nmoles gm −1 min −1 ) that are 25% lower than unparasitized webworms, suggesting that C. sosares encounters elevated levels of xanthotoxin on a per unit mass basis (89). Some evidence suggests that males and females differ in their response to plant chemistry, host plant species, or cultivar identity [e.g., influencing the proportion of emerging female parasitoids (52, 69, 83, 111)]. To date, however, nothing is known about additive genetic variation within parasitoid populations for the ability to metabolize plant toxins. Ultimately, this information is necessary to understand the selective potential of plant chemistry on parasitoids and hence for the ability of parasitoids to function as extensions of plant defense against herbivory.
On the other hand, several studies indicate highly variable differences among parasitoid strains in terms of resistance to pesticides (8, 108, 110, 127) . In one extreme case, a field-collected strain of the parasitoid Anisopteromalus calandrae (Hymenoptera: Pteromalidae) exhibited >1240-fold-greater resistance to malathion than did a laboratory strain (7). Malathion-specific carboxylesterase activities were 10-to 30-fold greater in the resistant strain, suggesting that malathionspecific carboxylesterase is the primary mechanism conferring resistance in A. calandrae (5). A single base pair substitution (thymine in the susceptible strain is replaced with guanine in the resistant strain) leads to an amino acid change from tryptophan to glycine in the encoded protein; this mutation is inherited in a Mendelian fashion and is linked to malathion resistance (170, 171) . Furthermore, successful attempts to artificially select for increased resistance to pesticides in several parasitoid species indicate the presence of additive genetic variance for detoxification abilities in parasitoid populations (73, 85, 116) . Likewise, that fieldcollected populations of several parasitoid species become increasingly susceptible to pesticides when reared for several generations in the absence of selective pressure from pesticides (131, 166) might indicate a fitness cost for resistance. However, at least one study (6) has failed to detect in A. calandrae any significant fitness cost of resistance to malathion.
ARE THERE RECIPROCAL TRITROPHIC EFFECTS OF NATURAL ENEMIES ON PLANT INVESTMENT IN DEFENSE?
The idea that natural enemies function as an extension of plant defenses (106) is based on the premise that the presence of natural enemies results in decreased feeding damage by herbivores and, consequently, increased plant fitness. If natural enemies can exert selective pressure on plant investment in defenses, several relationships must exist. In the context of this review, natural enemies might be expected to select for plants that invest less in chemically based defenses for two reasons. First, if plant chemistry has negative effects on the fitness of natural enemies, the presence of natural enemies would select for reduced investment in chemically based plant defenses. Second, if chemically based plant defenses are costly in terms of fitness for the plant, the presence of natural enemies might select for reduced investment in such defenses. Both explanations (which are not mutually exclusive) depend on the assumption that natural enemies exert sufficient control over herbivore populations such that the selective pressure of herbivores on plants is reduced. Demonstrating that plant fitness is increased in the presence of natural enemies is key to showing that natural enemies exert selective pressure on plant defensive traits. Hare (68) proposed four criteria that should be tested to assess whether natural enemies are selective agents on plant traits. Tests of these criteria would involve demonstrating that the plant trait has an additive genetic component, that plant fitness should be unchanged or lower either in the absence ODE of natural enemies or in the absence of both natural enemies and herbivores, and that plant fitness should be increased in the presence of herbivores and natural enemies. A problem in assessing the tritrophic effects of natural enemies on plants is that in relatively few systems have the physiological and selective interactions between plant and herbivore been well studied.
Does Plant Fitness Increase in The Presence of Natural Enemies?
At best, the evidence suggesting that plant fitness increases in the presence of natural enemies is equivocal. In several systems (154), parasitism rates are frequently too low to effectively control herbivore population levels. Indeed, in the case of several koinobiotic parasitoids, the situation is particularly complicated. For example, the cabbage white butterfly, Pieris rapae, is a specialist on several cruciferous plants. P. rapae larvae parasitized by the braconid C. glomerata consume significantly more plant material than do unparasitized P. rapae (107) . This phenomenon appears to be more prevalent in hosts of gregarious koinobionts than in solitary species (32, 40, 63, 104, 127, 154 ). Furthermore, it is possible (although untested) that C. glomerata reduces long-term levels of herbivory by P. rapae, resulting in increased plant fitness.
Few studies suggest that parasitoid infestation of herbivores can result in increased plant fitness. In one study, Gómez & Zamora (62) examined the effect of three eulophid parasitoids of the weevil Ceutorhynchus sp. nov., a seed predator of Hormanthophylla spinosa (Brassicaceae). When parasitoids were excluded experimentally, the percentage of attacked fruit increased from approximately 20% to 43%. The weevil preferentially attacks fruit with more seeds and selectively feeds on larger seeds within each fruit, further aggravating the effect on plant fitness. In another study, in which the bushy seaside tansy (Borrichia frutescens) and its two herbivores, a cecidomyiid gall midge (Asphondylia borrichiae) that attacks the apical meristem of the daisy and a delphacid planthopper (Pissonotus quadripustulatus), were examined, Stiling & Moon (136) showed that by preventing parasitism by five species of parasitoids, both midge and planthopper populations increased and daisy stem densities decreased. van Loon et al. (156) found that Arabidopsis thaliana (Brassicaceae) plants had greater lifetime seed production when attacked by P. rapae parasitized by Cotesia rubecula than when attacked by unparasitized P. rapae. However, in none of these studies was host plant chemistry studied. A fourth study examined the fitness of Zea mays attacked by Spodoptera littoralis larvae that were parasitized by Cotesia marginiventris and Campoletis sonorensis (59). Both parasitoids are attracted to herbivore-induced volatiles released by damaged maize plants, and maize plants attacked by parasitized S. littoralis larvae produced 30% more seeds than plants attacked by unparasitized S. littoralis larvae.
Finally, there is circumstantial evidence that C. sosares exerts selective pressure on furanocoumarin production by wild parsnips (96) . Given that furanocoumarin production is a large investment cost to the wild parsnip plant (20, 168, 169), the plants are predicted to invest less in furanocoumarin defenses in areas where parasitism rates significantly reduce the impact of herbivores. Furthermore, additive genetic variation exists for furanocoumarin production in midwestern U.S. wild parsnip plants, suggesting that these traits may respond to selection by higher trophic levels (20). Wild parsnip plants in The Netherlands, where parasitism rates of parsnip webworm are high (∼80%-90%), produce significantly lower concentrations of all furanocoumarins (including isopimpinellin and xanthotoxin) than midwestern U.S. parsnip populations, where C. sosares (and indeed any parasitoids) is conspicuously absent (96) , suggesting that the presence of C. sosares selects for reduced investment in furanocoumarins. Compared with U.S. wild parsnips, plants in The Netherlands invest proportionally less in isopimpinellin relative to other furanocoumarins. Reduced relative investment in isopimpinellin may be in response to the negative effects of isopimpinellin on successful parasitism rates by C. sosares. Carefully controlled studies (e.g., common garden experiments) are needed to establish whether C. sosares exerts selective pressure on investment in defensive chemistry by wild parsnips or whether these differences between continents might be due to other factors (e.g., differences in edaphic conditions or climatic conditions). More carefully controlled studies, such as common garden experiments, are needed to establish whether C. sosares exerts selective pressure on investment in defensive chemistry by wild parsnips.
While genetic variation in wild parsnip furanocoumarins and parsnip webworm metabolic capabilities represents one of the clearest examples of reciprocal selective effects between plant and herbivore (18, 20, 167) , several other studies have documented additive genetic variation for plant chemistry (1, 67, 81) including inducible defenses (2, 39) . Collectively, studies indicating additive genetic variation for plant defensive chemistry suggest the potential for herbivores and their natural enemies to act as selective agents.
FUTURE DIRECTIONS
The number of studies examining the tritrophic effects of host plant chemistry in natural systems is far fewer than the number of comparable studies in agricultural systems. As stressed in this review and elsewhere (68, 154), studies in natural systems rather than agricultural systems are much better poised to provide insights into the selective pressures and evolutionary constraints that gave rise to observed patterns of chemically based plant defenses. In order to assess whether natural enemies select for changes in plant investment in defensive chemistry in natural systems, we need to demonstrate top-down control of herbivore populations by natural enemies and show that plants in the presence of natural enemies experience selective pressure different from plants in the absence of natural enemies and that there is additive genetic variation for the relevant plant defensive chemistry traits. Similarly, additional work is needed to assess the metabolic capacities of natural enemies and to determine whether additive genetic variation exists in metabolic ODE abilities upon which plant chemistry can act as a selective force. Again, evidence from the pesticide literature suggests that natural enemies do have additive genetic variation on which selection from plant chemistry can act (142). Natural enemy populations possessing genetic variation for tolerance or detoxification abilities of plant toxins or sequestered toxins in herbivores are more likely to play an important role in defending plants from herbivores. While much progress has been made regarding our understanding of tritrophic relationships after the seminal paper by Price et al. (106) , many gaps remain to be filled. Clearly there are many fruitful insights to be had into how trophic relationships function as well as how to better integrate plant resistance (bottom-up) and biological control (top-down) control of pests in agricultural systems.
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